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C A S I I I C A T I O I ~. A N1J  iC J ~I ’~ T O N  O~ A C O N i ) E N ~J E D I U f lL  BY A !IOT

s TA c ~~/ i r i  CAS

M .  K J l d e a ~~n arid  A .  L i f i~in

A13~;!~~/. cT

Ar ;y n~~1:ot Sc t e c h n  qu ~~~~ s ed on th  a 1 u n i t  of h i gh ac t  S —

Va ~- ion  e~ia r ~~y h~~ve b e e n  u s e d  to  an a ly z e  t h e  i gn - r t i o n  pr o c

of ~ c on d e i ~sed  f u c :~. ~~~~ ~~~~ c~ :uo ~~ed to  a ho t  s ta gn an t  r,a •

~ c v a r a l  cases  a re  s i : u d L L d  d i f ~ ~ i in g  on t h e  l oc at i o n  of t h~
c x ot h r - ~~e i a  ~~‘n~~t~~on r e a c t S o n .  i n  a f i r s t  p ar t , a n a n a l . y s ir  -

5 1~~ ( a t a d  of t h e  g~~~ i f : c a i  ~on pi~oc c~;~ w h e n  ~~rJ

or a r at e  p r o c c s~; 5s  con s .i d i c d  to  do t  i~i n t n ~ t h e  ~~~~

i f  c a t i o n  ~ it e , a n d u se  th ese  r e su l t s  -to  s t u d y  S g u i t  ion  hy

a f a st  czot i�a ~-ai  c ga p h a s e  r e a c t i o n .  In a s e c o n d  p a r t  a n

a n r i l y s  S s i s  p r e s en t e d  of i g n i t i o n  by n~i be t  ~ro~~en e o u n  e x o —

t h e rm i c  ? c a c t io n  I n c a  uc l i r ig t h s  c o nv ec  t i v e  e f f e c t s  of t h e  r m —

S f i c a t i on  f l ow .  In a t h i r d  p a r t  a n  an a ~~y s is  is  p r e sen t e d  of

i gn i t i o n  by a c o n d e n s e d  ph a s e  r e a c t i o n  and  d e r i v e  a c l o s ed

for n  e x p r es s i o n  f o r  t h e  ig n it i on  t i m e . In  a f o u r t h  p ar t  an

a n a l ys i s  is p r e s e n t e d  of t h e  h e t e r o g e n e o u s  I g n i t i o n  pr o c e~~s

by c o n v e c ti v e  h e at i n g  d e s c r i b e d  by a N e w t o n i a n  l a w .

D e ta i l s  of t h ese  a n a l yse s  are  g J v e n  in  p r e v i o -u ~; Sc Sen-

U f ie  R e p o r ts .  
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1. I n t r o d u c t i o n

The  ~ ~~. i l  t 101) j ) ) Oj )c  i t  i.es of s ol i d  i r e p e l  I an t a  ~ir e  a i l y -s d

e x p e r i m e n t a l l y  by  e x p os i n g  t h e  p r o pe l l an t  t o  ~ V a ri e t y  of ~~~~~ t S a g

s o ur ce s , su c h  as c o n v e c t iv e  h e a ti n g  by l i d , g a s es , a r c — i m a g e  i ia r-

f l d C 2~~. h e at i n g  a n d  l i ea . i n g  by  h al ; s t a g n ; i nt  g a s e s .  Thi. s l a s t  h e a t  i f l f

m e c h a n i s o  iS e s t a b l is h e d  w h e n  a sh a ck  w a v e  is ~ e 1 l e c t e d  b y a

p r o p e l l a n t  p 3  a c e d  ot - t h e  e n d  of a s h o c k  t u l i e

In  or d e r  t o  r e l a te  t h e  k m e t  c PI’oNr L ie s  of t h e  p r c pe  I l a n  t

to  t h e  re su i t s  of t h e  e xp cr ~ iia~ Tit a]. m o a s  s ic~en t S , i f l C f l~~’ t hd ~~OT ’e  S c al

a n a l y s e s  h a v :  b e e n  d e v e l op p e d  to  d e s cr i h e  I u d n t i i a L~v e ] y  t h e

~ ‘~en p~ -o~~~~~s . See t h e  i~~~ v i ~~w by l~e r ; h a u o v  a n d  i~vei ’s on 1

]n  c on n i e l lo n  n i t l i  t h e  r~ - ’cs~
; of i g n i t i o n  by h o t  s ta ~~n j n t

g ‘s; s. so i le  n u n ( -r l c a l  a n a l y s e~-; h e \ c  b e e n  c ar r i e d  ou t  f o r  I ) l o d & i s

eo n s l d e ) ir i g c ~t h e r  an  h e t e ro~~s t e ou s  i g n it i o n  re~~c t i o ij  w i t . h o u L

gas  I f i  c a t i o n  e f f ec t s 2 
or a g a s  p h a s e  ig n i  t i o n  r e a c t i o n  m c i  u d  l e g

t h e  e F f e c t s  of an e n d o t he r m i c  g a si  f i c a t i o n  r c a e t j o n , Sec  fo ’~
e xa m p l e  I l er m u n c e  et a1 3 . • In  a d d i t i on , a n u m b e r  of a p p r o xi  L i a t e

an a ly s e s  of t h e  i g n i t i o n  p roc -c e s a s  h a v e  b e e n  e a rn  ad  ou t  , a i i n i n 1~,

at. sim ~~l i f y :~iig t h e  c or r e l a t i o n  of t h e  e x p e r i m e n t a ]  r e s u]  t s~ 
1 ;

t he se  a n a ly ~~c.s do n o t  i n c l u d e  I he  c o n v e c t i v e  e f fe c t s  d u e  •to

I ‘c a t i o n .

U n d e r  t h i s  G r a n t  we h a v e  u s e d  a s y i n p t o L  Sc  m e t h o d s  t o  g e n e —

r at e  c losed  fo rn i  ex p v e s s i  ons  r e i  at in g  t h e  i g n i t i o n  t i l ij e  t o  t h e

p h y s i c o c l i t m i c a l  p r o pe rt i e s  of a p r o p e l l a n t  e xp o se d  to  a h o t

o x i d i z i n g  gas , w i t h  d i f f e r e n t  loc . ’t i o n s  of t h e  i g n i t i o n  r e a c t i o n ,

— - - - -~
---

~~~~~~ ‘-~
-
~ ~~~~~~~~~~ ~~~~~~~~ ..-.-• 

— -~~~~~~~~



_ _  
- ---- 

a cc ou u t i n ~ , f o r  the  c o n v e c t i v e  d : f t e c i  d u e  ~o g a s i  f 1~~~tj o 1 )  .

An an a l y s is  of t h e  c n d o t h e r m i c  g a s; i f i  c a tS  on of a c on d en s e d
nI :J t er ~~a1 b y a h o t  j ’. e s  w a s  c e i r i o d  out  in r e f e ren c e  8.  Th~ a n a l y-
s i s  can a]  so h a  u s ed  to  de s~~, ibe t h e  i g n i t i o n  p r o c es s  w h i c n  a f E a t
ex o th i e r i S c r e a c t i o n  t a k e s  p l a c e  in tL c  gas  p h a s e  i T n i n a d i ~ ~e ly  a f t e ’s
g as .i f i c a t i o a  of t h e  f u e l .

A . s u m : a r y  of t h i s  an a ly a ~-; is  g i v e n  in S e c ti on  I I .

T h e  e f f e c t s  o f  - t h e  ga s  i i  i c at i  on I .Lo w in  t h e  h~~L e ; e g : n - n us
I j i l i t  ion  u 1 a m n d e n e e d  fu e l  b y a l i o t  ex~~d i z~~ng g a s  w a s  a n a l y z e d
J~ i i : fc r c n e e  11. T h e  r e s u l t s  ar e  s w m ~: ; i rS .sed  in S e ctj o ~ I l l

The an a l ys i s  of r e f e r e n c e  12 r d  a c s  to  t h e  c as e  w h e n  t h e

r e a c ti o n  r e sp on s i l .le  f o r  i g ni t i o n  t ak e s  p l a c e  ~n t h e  c o n d en s e d
p h a se  a n d  t h e  sol i d  is  h e a t e d  by a h o t  g a s .  I su m m ar y  of t h e

r e s u l ts  is  g i v e n  in S e c t i on  I V .

In  all  t h e s e  a n a l y s e s we t u k d  adl \ ’an t a ge  of t h e  fac t  ih a  t
t he  a c t i vat i o n  en e r g i e s  of t he  i ou i t i o n  r e a c t i o n  is in  p r a c t i c e
large  corn a red  w i t h  t h e  t h e r m a l , e n e r g y  of t h e  s o l i d  as w a s  d om e

f o r  e x a m p l e  in r e f er c -n c e s  7 , 10 , 13 an d  I 4 •  In  o r d e r  to c o m p l e t e

t h e se  a s y m p t o t i c  s t u d i e s  of i g n i t i on  w e c ar r i e d  ou t  an a n a l ys i s

ot h e t e r o g e ne o u s  i g n  it i o n  of a s o l i d  p r o pe l l  an t  a ubj e c  to

convective h e a t i n g 1
~~. A su m m a r y  is given in Section V.

_  

-
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I T 1 n d o t h e r v S ~ (‘, ; ;  f ir s t : o p

In  r a f e r c j i c c  8 v d e v e lo p  a t h e o J L 1 ’ S e a : l  an~~] y s : s  ol t i c

ga s i f i c a ti o n  p r o c e s s  of a c o n d e n s e d  m at e r - t a ]  s u d d e nl y  cx p o s e~
to  a l e t  s t a :~~~~n~ ‘a s .  Tw o  d i f ~ e r-i n~ c a se -  a re  a n d y -s a d  d c ï ~ ~

c r  w at h e r  a n  e qu  i i  h~ - iu m  p r o c  c a s  or a i - a t e  p roc  c as  i s c o n —

s i c l e ; ’eP  to  d e t c i  p i n e  t h e  g a s i f i c at i o n  ra ic -

W h e n  g a s i f  ;i c a t io  a y e  a u 3t s  f r om  a rci t pr ocess  cL~s c ” - l c ’ d

by a n  Ar .~h i c n J  p l a w , t~~e su r f a c e  t e m p e r a t u r e , u p o n  c - c n l a c t ’ i t L

t h e  ho~ gas , vS s e n  to  an i n t e rn e d  i a~~e ~ j u y ~~ h ? val ue ea. v e i  t o
one e x i s ti ng  in  ab se n ce  of g a s i  F i c - - i t i o n , c - ; a s i f i c s t i on  h c~- y e v i n ~
(~~‘, 1~~P . C s  t i e  s u r~~ae- e ~ e n i e r a t u r e  to d e c r - o a a c  w i t h  t :~nn- , s .in c c ’
p a rt  o h  t h e  :!er~~ ’ com t .ng  fr o m  t h e  h o t  ga~; i n  b s on b c d  h th e
er i do t he r n i c  rc -~ at  i on  c nd , in  add  S t  ion , h o c  aus  e t h e  p s i  f cat  i cee
f i o s~ 1” r t n ~~s c c - i d  m a t e r i a l  t o w a r d s  t h e  ~u r f a r e  a n d  b i :~~ :p t h i  ho

g a s El we

D u r i n g  an ear l y p c i- led  in w h i c h  t h e  d e c r e as i ng  si1r~~a c e
r e g r es s i o n  r at e  is  st i l l  of t h e  o rder  of 5 -i’ s i ni t i a l  v a l u e  at

t h e  j u m p  t e m p e r a t u r e  t h e  A r r h e n iu s  e xp o n en t  can  be l ir t e ar i : . e P

a r o u n d  t h e  j u m p  t emp e r a t u r e  and Ofli~~ t h e  g r a d i e n t  of t h e  non-
g . i f i t ~~ t i o i i  t emp e r a t u r e  p r o f i l e  e n t e r s  t he  c o n v e c ti v e  e f f e c t s ,

As a r esu l t  of t h e s e  s im p ] i f i ca t .io ns , t h e  s u r f a c e  t c . ;c pe ra  tin e

h i s t o r y  can be d e s c r i b e d  b y t h e  s o l u t i o n  of an i n t e gr a l  e q u a t i o n
i n v o lv i n g  a s in g l e  p a ram e t er  A iin~- a s u n i n g  t h e  c o n v e c t i v e  e f f e c t s .
C i .i sed  f o r m  e x r i -  :~ssi on s  of t h e  t e m p e r a t u r e  a n d  c o n c c n l ’ r a t i o r z
p r o f il e s  a re  a l so  g i v e n  in  t he  f o r m  of ax p an s io n s  fo r  s m a l l  ;~,nd

l a r g e  v a l u e s  of t h e  n o n — d i m e n s i o n a l  t i m e ,

J’or I arge  t i m e s , w h en  t h e  d i f f e r e n c e  b e t w e e n  t h e  su r f a c e

t e m p e r a t u r e  an d  t h e  :iump t e m p e r d t u r c~ becom es of t h e  order  of

- —J
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t ij e  in : ’i S a l  t o s i p l e;’ t e x ’~ d i f f e i ’ e n c e  b e t w e e n  s’ l id  a nd  p~~s ‘~~ n~

c om p l e t e  c o n \ c c t i v e  ~crin s h : ive  t o  be r e t a i n e d  an d  t i c- e ’.;: ;c t
f a i n  of t h e  Ar r h -. u iu ; :  e> ; 1 o] r n t  h e ; ;  to  be u s e d . H o w c v - j - , f o~-

t h o s e  l~~o ’~t -
~ l w - . : a q u a s i — s i m i l a r  s o l u t i o n  e x i s t s  w h e n  t i e  ( 115 - -

l a n c e  t o  t b ’  s w - l a c e  is s c a l e d  w i t ’ l~ t he  s~~u s ’-~e r o o t  o f t h e  n c r —

d i n ; c n s i c n ~~l t i n - , eo ‘t ha t  e x p l i c i t  c x r o s s i c’ c ;,: h a v e  b e an  o b t a i n — -  
-

ccl f o r  t b c -  t~~~ p - ’ L u r c -  a n d  c o n e en t l e  t~~On p r o f S l c s

- 
W h e n  t h e  ~ a Li f i c u t  Sea  i s  as n u 1~ ed t o o bey  a n equ  i l :h r i  um

C l a s i u n - -C l a p ey i - o n  c o n di t i o n , a slii iJ i n n S y so ,l u f i o n  e x i s t s  d c c —

c ri h i~~p t h e  t c n p ~ c a tu r c ’  an d  C O I C c -’LYL a t i o n  i’ - ’ o LLtes  f o r  a l l  t i m e s

In  t h  S s e as e  , t h e  s u r f a c e  -t- c ’m p e r a t u r e  r e n a  in  c o ns t an t  at  a ‘
~ 

u s p  
-

v a l u e  d e H i m i n c d  b y g a s i f i c a ti o n  e f fe c t s , d i f f e r e n t .  t h er e f o r e ,
f r - e m  h e  o ne  e x i s t i n g  in ab s e n c e  of g a s i f i c at i n i .

li e a mc ’ ~~ Li a of t h e  g a s i  f i c r t t .5 an  p i ’o re s  s is m c c c  s s ar y 5 n
o r de r  ( a  s t u d y g a s — p h a s e  i g n i t i o n  by a b et  s t a g n ;n t  ~~~ . t i  f a c t ,

th e  c i t ; t y s i s  p r e s e n t e d  In  r c :F c r en c c -  8 m a y  bt u s e d  to d e s c r  t h e

~‘ a s — p 1 s c  i g n i ti o n  p r o v i de d  t i nt  t h e  g a s — p h a s o  ex o t h c - e i r i c  r c sc

is so f a s t  t h a t  it  o c c u r s  i m m e d i a t e l y  u p o n  g a s i f i c a ti o n .  In  th

c a s e , t h e  r e s u l t s  cf  t h e  a n a l y s i s  m a y  be u s e d  i f  t h e h e a t  of

g a s i f i c a t i o n  is r e p l a ce d  by t h e  d i f f e r e n c e  b e t w e e n  t h e  h e a t  Li

gas i f i c a t i o n  and  t h e  h e a t  r e l e a s e d  by t h e  e x c t h i e r r n i c  r e a c t i o n .  I t

is f o un d  t h a t  i g ni t i o n  o c c u r s  on ly  w h e n  t h e  r e a c t i o n  in e x o th er -

e n o u g h  to m ak e  t h e  c on v e c t i v e  p ar a m e t e r  ( - A )  s ma l ler  t h an

The an a l y a c s  p r e s e nt e d  in r e f e ren c e  8 s h o u l d  be e x t e n de d ,

f o l l o w i n g  t he  p r o c e d u r e  of r e f e r e n c e s  9 and i (I to  s t u dy  g a s — p ) i ’ :e -
i g n i ti o n  fo r  r e a c t i o n s  w i t h  icirge a c t i v at i on  e n e r g i es .
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‘[ I T  T;~iui ’ ~,’ i on  by h e t - co’- c g e n e o u s  r e ac t  i n ’

In  r e f e r e n c e  11 we an a ly a c .  i gn : t i  on of a c o nd e n s ed  f u e l

b - ’ h o t  ga~~es , w h e n  an  e x ot h e~~;;ic  i id: t e i o gO f l c OU S  r e ac t i on  of t h e
A r r h en i u r  -t y p e  0 c c - i r s  a-~ t he  s u r f a c e ,

In  t h e  an a l y s i s  we cons  i d c - r  t ha t  t h e  a c t i v a t i o n  en e -~~ y
of t h e  su r [~’ve r e a c t i on  i s  l a r g e  c o m p ar e d  w i t h  t h e -  i ni t i a l  t b e r —
m~il enerp; ’  of t h e  f u e l , and  w e  u se  u sy n pt o t : i c t ec h n i qu e s  to  dc ’ s—
ei ibc  tbc evolution with time of t h e  t e m p e r a t u r e  and  m a ss  fr a c - -  -

t io n  p r o f i l e s .

P r ev i o u s  a n c ~]y s~~s of t l ’ i s  p r o b l e l ;  h a v e  n e g l e c t e d  t t : e  c o n —

v c c t i v e  e f f 0 c t n  a s s o c ia t e d  w i t h  t h e  g a s i f i c a t i o n  f l o w .  In  our

an a l  ys~ s- we retain t h e s e  e f fe c t s  an d  show t h a t  in g e n e n n .l t h e y

ar c  i m p o r ta nt  and , therefore , should n o t  be n eg l e c t e d , w i t h o u t

‘ ju s t i f i ca t i o n .

As d esc r i b e d  in S e c t i o n  I I , t h e  s u r f a c e  t e mp e r a t u r e  r a i~.es ,

i n s t a n t a n e o u s l y  upon  c o n t a c t  w i t h  t h e  hot  gas , to ai-i i n t e r n e d  in t o

“jump ” temperature. In absence of chem ical reaction , the surface--

temperature remains c o n s t a n t  and the width of the conduction

layer Increases wit -h the square root of time. However , i n  t h e

presence of a surface reaction there ar e  two effects t h a t  tend

to modif y -the temperature at t h e  surface. First , because of the

gasification flow the  hot gases are b l o w n  away from t h e  surface

~‘nd cold condensed material is brought towards the surface t he r e - -

by decreasing the surface temperature. Second , the e n er g y  r e l ea s e d

by the e-,.oi-herniic reaction has the effect of raising t h e  surface

I emperature. 

-~~ - ‘- a 
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Two c l i i  t er e at  r e g im e s  c r c  o bs e r ve d  clcpe n c l ’? n~ on w h i c h  of

-t h e s e  tw a  c o np e t : ! ti v e  e f f e c - t s d o m i n a t e s .  If  t h e  e f f e c t  c i  t h e

co n v e c t i v e  f l ow  d c ; ;  r ’ t t c s  t~ e s u r fa c e  t e m p e r  t :ul ’ c c oat  n u o us ly

decreases w h i l e -  t h e  c o n d c n s : U  n at e r i a l  ~‘a s i f i e s .  T h e  s ur f ac e

regression rate is m a x i m u m  at  th e  t :t, m~- of c o n ta c t  with i : I e  h ot

gas and  t h e r e a f t e r  d c c r c a ; ; e n  p i t h  t i ; ;o  ~ p p r o a c -b i n g  zero for

l ong  t i m e s .  If  t h e  e f f e c t  of h at ’  r e le a se d  h ‘ t l f l  r e a c t i o n  d o —

m i - m a t e s , t h e  s u r fa c e  t e m p e r a t u r e  in c r e a s e s  w i th  t i ,in e t h e r e - b y

acceleratir~ the reaction rate. This neJ, facce-le~’a1in c~ b e h a v i o u r

causes t h e r ma l  r un a i - : ay  of the surface temp erat-are- at a finite

ign ition tim e- .

In t h e  a r t c lys : t s of r e f e r e n c e  ii , t h e  lowest oi-der solution
C (.fl~ the 5 u ’ - i d ( - c’ t C O ~ . ;r at - i i r ’e  U o v j - ; t a o n  f r o m  i ts  i n e r t  vs  t e e , i n

es e- - p e s s i c i -  ~ni power’s of I-he no r d:~m c - n s i o n a l  a e t,~v n - t i o n  c ; ;c -r g y

is cl -tn Inc- I by solving mr ntogroi e~~-ea1-ion . A s i n g l e  p i r a - ’

mc te i -  A appcnl-n 11) ‘this e-cjua’tlor 10 f l c a su r e  the effects of con—

v e ;~t : ior i . T h e r e  i s  c r i t i ca l  v a l u e , ~~~~~~ t h a t  n ; c p d i a t c s  c o n d i —

t i o n n  u n c i n i  w h i c h  i g n i ti o n  c - c d - u r s , f r o m  cond  i t i o n s  in u~~,~r :l i  t h e

surface temperature c o n t i n u o u sly  d e c r ea s e s  w i t h  t i~:e .  T h e  cx i  s t —  
I

ence of -these critical condit ions has not been previ.ous.l.y cug-

gcst-ed, since this critica llity is associated ~-: i,th convective ef--

fects and previous analyses h a v e  neg lecte d these effects .

For V a]  ues of A < 2 , t h e r e  is a therma], runaway at cn S gni —

-tion time t • ~t c . (A), w i t h  t h e  f u n c t i o n  ci . ( L )  repr- sentcdign C i 5 f l
in figure 3 of reforcnce 1~ , an d  w i t h  t~ g i v e n  by

R 2 T~ ( 1 + P ) 2 7 c  cxp(2T/RT 1
)

t
C 

~~
2 .~2n 

~ 2 ~ 2 ~

— -—
~~

-
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T h e  c t  c i t - i  ‘
~~ L i e  t i m e  i s  i n v e r s e l y  p so p or t  i nn a l  t o

t b -’ a m l i cii i o x l d i ; ,-i ’ n - a s  f r - a c t  i on  r a i s e d  t o  t w i c e  ‘th e r e a c t  ~on

order of ‘ the t i c  i ’ o 1- e n e o u s  r e a ct i o n .  T h e  d e pe n d e n c e  oii t h e

InSt ~al 1:1 5 t - -m l - ’e’1-a -Lu ’i- c is ma ~n l y  e x h i b i t e d  t h r o ug h -th e  t o n i c

exp ( YE /RT
1 

) el op e  T
1 

in ;  t h e  j u m p  t e mp e r a t u r e .  For ai 1 other

pom mel er-s I ixed , the Sgml t- ion t inc dec rease -s rap idly ~itl.

i 11 c r c a s i n~’ i n i ti a l  gas i c .1 po r a tu r ( - . H o w e v e r , when the- i n it ~Ll

gas temper ature is h i g h e n o u g h  an; to inci )’ e the- conve-et ly e  e n r a - --

me ~ r A close to 2 , the value a . approaches infinit y, Sc) -l l n, ’t

t he  , icn ~~tion t t i : i; fir-st dee-reuses with increasing temmer -atunc-

and then i n c re a s e s  to infinity.

Our- analysis also shows that for large activo-i- ,ion e n er g y ,

the change. in o>;idi ser mass fractiai j from itn- m u  :[~~ ], value is

small sod the - n c- f e-re it can be ne - c l e ct e d  ~:l~ ’ - i i ln,i i y a i n t  the- ig—

n~~i 5 d - I 1  I~~ocess.

~ , i nce  t h e -  ignition time is s t r o ng l y  d - ’ -p c n d e n  t on t h e

j u m p -t c - n i p c r ; t u re  , i t  is l m po r ta nt  to c - o m p u  c correctly its value ,

ta lc  i n g  i n t o  a c c o u n t  t h e  d ep e n d e n c e  of the t h e r m a l  p r o p e r ti e s

on t e m p e r a t u r e .  Th is  a n aly s i s  is d e v e l o p p e d  in  t h e  ap p e n d i x  of

r e f e r e n c e  11 , a n d  t h e  j u m p  t e m p e r a t u r e  d e r i v e d  in it , i s  t h e

one  t h a t  s h o u l d  be u s e d  in a l l  t h e  a na l y s e s  in c l u de d  in  t h i s

Report

f l P T~~n 3 t - Ion by a condensed p h a se  r e a c t i o n

In r e f e re nc e  12 an  analysis is presented of t h e -  i gn i t  S en

p r o c e ss  of a r e a ct i v e  s o l i d  by c o n d u c t i v e  h e a t i n g  f r o m  a h o t

s t a g n a n t  g a s .  To th e  b e s t  of our  k n o w l e d g e  no a n a l ys i s  of t h i s  

- - — —— - - - -- - —  -- -- -- _ _ _ _ _ _ _ _
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~rool i - n  ban b~~:-n pr e e n - L c d  in - L i i ~ past . th e - ararLyn: a ~c a l s o
a p i - r i c e - L i e  t o  i g a it i c n  c - f  a n - c c ;  t i v - c  so l id  by a l e t  bo d y

t l~ - t h e r m al c’- e - a n o n s ,~v H ~ic- a o~ L a t t  ia: -~t c c : ’a ] ,r - :ni - -c ; o f t h e  a - -c
o rde -  ~“ .

It  is L o u n d  tLs-t  i n  t h i  ~,,h: i t of h i ’ h ;  ac - t i v a t ion  c - e e r - p~ -

of t i i c  A n r h ; e i t i , r’s c~~o~~L ep ~~ic pe~;’, ; 1  io n .  t h E -  c h e m i c a l  h e a t  r e l e a s e
O C C U P S  in  a c h i n  d f f u n t  - , e - -r c a c ~. ~ ‘c l ay e r  n e ar  th e  s u p f , ~c e .
The so l u t i o n  fe- n t h i s  i nn e r  :ta ~~c c ~ is th s ’~ ‘n a t c bc ’ -J L o  t h e  a m l e —

t ie s  -fo r  t h e  ot t e r -  t r - a i s ,ier  t — c i i f f i i s i v c  n c - f e-n in  t h e -  sd i d  a- ,f

to t h at  f o r  t h e  g as  p l’i s a c -~ t he  a 1 f c c - ~-s of t h e  c i t c m ~~eal r e a c --[ i - p
a e p ear s  in t h o s e  o u ter  i c - g l e n s  in t h e  f o r m  of sup  f a c e  h e - a t ’  s o ur -

c e - s .  T h i s  t w o - - l a y e r  s t ru c  t u n c  is o n e - l o g e -n i -  to -ehe one  f o u n d  i-

Wi t i i a r u s a n d  L i f i d n ia
.

T he - a n a l ,  ~sl s  of i c i e r- t ’f l e - e 2 .  f o r -  le- -g e -  t a i w a n  of t he  c c - n —
diu ;c - ’ n s d cr i a l  n i i  - r a t i o n  e n e - -gv (~ . ~~~~~~~ to art i -rcg r a i  aqu a-t i -am
to  d ;5e~-~~i) e ‘J1- ;- t-~i e i ,~~t 5 e p  with c ih:;n of the s ur f a c e  t ’ c mp c r a t n c ;

de iS a t  ion  f i-on ’ i t ’ s in~~a t v a d  uc . \-~ :1 th  -t he - appra~~-r i  et c  s en d  l m : - n ~ 5

nal v a r - S a L l e  n; n e -  p i r a m e t  c--r s  a pp e a r  in t h i s  e q u a t i o n  so th a t  -er i e

n u m e r i c a l  i nt e g r a t i o n  is s uf f i ci en t  to  o b t ai n  t h e  n ; u n f a c -e t e n t - c r —

a tur e  h i s t o r y  and t h e  r . o r id i mc n s i.onal  i g n i t i o n  t im e - , O ugn~~
O .

when  a t h er m a l ,  runaway is f o u n d  -to o c c u r . In d im e ;-i s i  onal  VSi  a L t  a S

t h e  i g n i t i on  t i m e  is given in terms of t he  s p e c i f i c  h e a t  c , ini-
tial gas - temperature T

ge-~ jump t e mp c r a t - e r e  T1, r a t i o  of t n c - n n s ,~
responsivities F , pre-enpoticnti ml factor A , heat rn- leased by the

reaction Q and activation energy If by

c ( T  —~~‘
1 ) r ( i + r )

0 . 3 9 3  ~~~~~~~~~~~~~~~~~~~~~~ c x p ( F / R T t )

___ 
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‘1 . }L- - c- ror :en e o u s  S ~‘~n ‘
~ ti-en by c or i v e c  t I~’ t- h e  at  ing

Reference ~ a preser.ts an a’n -tly ticc: l de s c ri p t i o n  oi’ t h e

hetarogcneo,s i c ~r i5  -: ion of a ~o,i id unde r’ conveati a-a lie - st in g by

a hot par- . Th e bc- a t  e x c h a n g e  be L W e - c f l  t i c- ~- nì 5 a n t -h. t h e  su~~i f  is

mode l led by a Nor’ t ’~n ’~an l ;-cr: , so t h a t  t h e  heat flux fr-c-rn the

gas to the sc-l id is written as pr o por i  S an a l ,  t o  t i e’- di.ffei’-c rice

in tem-peratui’-e of t h e  gas an d  that of t h e  s u r fa c e -  of t h e  sol  Sc ) .

f he  exethermi c heterogeneous r e a c t i o n  is c on s  i d e a - e d  to follc-~--

Arrh ;cniu s 1 -:i n ct - i c s  w i t u i  an activation e n er g y  l a r ge  c om p a r e d

w i t h  t h e  t h cr - i aal  energy of t h e -  soJ,id. The effects of ir it cr ~ - t ;asc ’

m a n s  t r a n s f e r  ar e  n eg l e c t e d  h er e .

h e  an a l y s i s  of r e f e r en c e  15 p ar - a l l  c is  -th e  ann],yais of

I i i io ob - i  an d  i l ii a i c  w h o  s t u d S  ccl i gn i t i o n  b y b e - ~~o n i a n  h a  a t -

ing wi ‘t ’iì a c o n d en s e d  ~ih~~~c r e a c t S  on . In t h e  1 inS  L oF  i i i  go c-t i, --

v a ti o n  en e r r ~y , ‘two ign i  t i o n  r e g i m e s  a rc  f o un c -  . In  a f ir s t  r e t -  i n n

f o r  lor e v a l u e s  of t h e  f r e c u e n c y  f a c t or - , a s ho a L r c a c v i v  e at : :

e n d i n g  in t h er m a l  r u n :c w ay  f o l l o w s  a long  i n ert  st e - g o .  For  e L i

v a l u e s  of ti-ic -  f r e q u en c y  f a c t o r , t he  ch e m i r -~~,l h e at  r e le a se  c - s t

he neglected in a first stage , hut not in a much longer s c r c c ; i d

stage when the surface temperature is close to t h e - -  ho t  g e -n  c m —

perature; no thermal runaway or- well defined ignit ion time

exists. -

Closed form expressions for th~ tuit ion t i me  a re  g i v ec

for both regi~ie s. - 
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